Assessing the effect of product variability on the management of the quality of mushrooms (Agaricus bisporus).
Introduction
Quality in mushrooms can be assessed as a composite of visual appearance, freshness, colour, size, maturity stage, development stage, firmness, turgor, microbial growth, clearness, blemish-free, weight loss and blotching (Burton, 1989; Carey and O'Connor, 1991; Vizhanyo and Felfoldi, 2000; Pardo et al., 2001) . From the consumer point of view the quality indices of mushrooms in order of importance are: freshness, whiteness, clearness, uniformity and closedness (Burton, 1986) .
A good quality freshly picked mushroom would have a reflectance (L-value) of 85.5-90. A poor quality of mushroom would have a value below 79.5 (Burton et al., 1987) . The cap growth results in gradual opening of the mushroom cap (Lukkasse and Polderdijk, 2003) .
Moisture losses are the principal causes of weight loss in the mushroom, which may result in agricultural product losses. Edible mushrooms tend to be high in moisture and especially Agaricus bisporus (Beelman et al., 2003) . The dry matter (percent solids) content of A. bisporus is 7.84% (with a standard error of 0.70) (Burton and Noble, 1993) , with small or no differences between flushes and crops (Frankhuizen and Boekestein, Mushrooms have a short postharvest shelf-life of 3-4 days compared to other supermarket produce (i.e., fresh vegetables), mainly because they have no cuticle to protect them from physical damage or microbial attack and water loss (Burton and Noble, 1993) . Their high respiration rate (Varoquaux et al., 1999; Cliffe-Byrnes and O'Beirne, 2007) and high water content (Mahajan et al., 2007a) make them prone to microbial spoilage and to exhibit enzymatic browning (Brennan et al., 1999 (Brennan et al., , 2000 .
Maturity, transpiration, respiration and pathogenic fungi and bacteria (Pai, 2000) as well as storage conditions such as temperature, relative humidity and gas composition of the storage atmosphere affect quality losses (Burton and Noble, 1993; Roy et al., 1995; Mahajan et al., 2007b) .
Turgor pressure is generally thought to be partly responsible for hyphal growth and for maintaining the volume, form and rigidity of mushroom cells in sporophores by internal pressure on cell walls (Money, 1994) . The water potential (ψw ) of fresh mushrooms is a measure of the freely available water for microbial growth. It is the sum of the osmotic, turgor and matric
Cell turgor potential
Mushroom tissues colour was measured using a Hunter colorimeter in the L, a*, b* scale (Colour Quest XE Hunter Lab, VA, USA). The colour measurement was performed three times and an average taken.
Colour
The water activity of the mushroom tissues (cap, gills and stipe) was measured using a chilled mirror water activity measurement instrument (AQUALAB Series 3TE, Decagon Devices Inc., WA, USA). The water activity of stipe, gills and cap of the mushrooms during storage was measured.
Water activity
receiving a product over 1.5 years with a reasonable variation of spam origin, producer, cultivar and flush.
Accelerated experiments, in order to study senescence, water transfer, colour and texture kinetics were performed in an environmental incubator (MLR-350 HT, SANYO Electric Biomedical Co. Ltd., Japan). Three temperatures (T) levels (5, 15 and 25 • C) and three relative humidity (RH) levels (70, 80 and 90) in a full factorial design were selected, based on previous studies (Pai, 2000; Escriche et al., 2001) .
Mushroom shelf-life is commonly taken as 3-4 days. In order to better understand the progression of senescence and decay phenomena involved in the shelf-life of mushrooms, the study involved the sampling of mushrooms at each of the environmental conditions up to 10 days.
The experiments were repeated (Table 1) and quality parameters analyzed were mass transfer, colour, appearance and turgor in each of the different tissues of the mushroom (cap, gills and stipe). The total number of batches was 25, including 2461 samples, which accounted for four analytical measurements in each of the three tissue parts of the mushroom.
Closed cup mushrooms (A. bisporus) white, close, uniform, clear, and fresh and with an apparent density of 0.547 g/cm3 were purchased from a local supermarket on produce arrival day (1 day after harvest). Mushroom spawn producers generally employ different cultivars (2-3) during the season. Those cultivars have with very similar quality characteristics and are alternated to prevent losses due to pest and viruses. The study aimed to represent a typical situation of a medium size retailer 2.1. Experimental design 2. Materials and methods 1995). During postharvest storage, the cells are damaged and generally there is a water transfer out from the cells. This water loss increases the turgor and the hardness of the mushrooms (Beecher et al., 2000) .
Despite the efforts of agricultural production, classification and packaging, one of the main problems in mushroom technology (as in many fresh products) is the uncontrollable effect that product variability has on the management of the product. From a retailer's point of view different batches of mushrooms may arrive at a different maturity stage and inside every batch there is natural product heterogeneity. This results in important storage losses from the retailer-producer point of view (Talasila and Cameron, 1995; Fonseca et al., 2002; Hertog et al., 2004 Hertog et al., , 2007a .
Mixed effect models present a statistical framework that allows for a simultaneous characterisation of the main effects that are going to influence an experiment, together with the estimation of the different components that affect the variability intrinsic to the problem being observed (Pinheiro and Bates, 2000) . While in the agricultural and the pharmaceutical research area variability components have been taken into account in the stages of experimental design and model estimation, via the development of split-plot experiments and dose-response curves (Davidian and Giltinan, 1995) , the food research area traditionally has not employed statistical tools appropriate for high variability. Only recently have mixed effect models received more attention to estimate the different components of variability in sensory analysis (Gabrielen, 2001) , in microbial growth predictive models (Shorten et al., 2004) , in postharvest technology (Lammertyn et al., 2003 Schouten et al., 2004; Tijskens et al., 2007) and in food packaging design (Fonseca et al., 2002) . Given that an estimation of variability can provide information to perform uncertainty assessment and risk analysis that can help to manage the produce quality, these models can provide information for food related problems where variability is important and other statistical methodologies are not as suitable (Hertog et al., 2007b) .
The aim of this work is: (1) to analyze the effect that temperature and relative humidity have on the quality and shelf-life of mushrooms, in a situation with high product variability, and to determine the best conditions to store mushrooms, (2) to estimate the different components of variability that affect the shelf-life using linear mixed effect models, and (3) to assess the effect that variability will have on the shelf-life. (Beecher et al., 2000) : 4. A two nested random effect structure, taking into account batches of mushrooms and individuals inside a batch, following a normal distribution, was considered for each individual tissue.
where ψw is the water potential, ψs the solute (osmotic) potential, ψp the turgor potential and ψm the matric potential (Griffin, 1981; Eamus and Jennings, 1984) . The water potential of a mushroom whose cellular tissue has been completely destroyed is:
This model (the "saturated model") had 18 fixed coefficients and six random effects to estimate and a model simplification procedure was followed to reduce it. ψwt = ψs + ψm
(2) 2.7. Model building The turgor potential of mushroom tissues was measured by determining the total water potential of a fresh mushroom (ψwf ), then subjecting the same mushroom to a freeze-thaw procedure (Beecher et al., 2000) to destroy the cellular membranes and then measuring again the total water potential (ψwt ). The difference between those two water potentials was the turgor potential.
The model building process followed a series of steps: 
Mathematical models
A linear mixed effect model can be described as (Gurka, 2006) :
where y is the dependent variable vector, X is the matrix of independent variables, β is the vector of fixed effect parameters that characterise the effect of the independent variables on the response, Z is the model matrix that characterises the random effect structure and b is the random effect vector associated. Finally ε is the additive error term of the model. The random effects and the error term are assumed to follow a normal distribution with Σ being the precision matrix of th random effect e relatively to the noise term ε and the symbol represents the independence between random variables.
The model proposed to describe the dependence of the different quality parameter kinetics on temperature and relative humidity had the following components:
Steps 2-5 were repeated until a satisfactory model reduction was achieved. Finally, random effects or individual terms in the model that appeared to be negligible were reduced. In order to assess the suitability of the best model, the random effects and residuals were studied for seasonality effects. All statistical analysis was performed using the libraries nlme and lme4 from the R-statistical analysis package (Pinheiro and Bates, 2000) .
(3) Table 2 shows the estimated model parameters affecting the six quality factors. Significant effects of temperature and relative humidity on the slope of the decay kinetics could be observed in all quality indicators (tested via Markov Chain Monte Carlo simulation). Significant interactive effects between temperature and relative humidity were observed in all quality indicators except the turgor potential. Most importantly, significant quadratic effects were found, pointing to possible conditions were the L-value, a-value, b-value water activity and weight might be optimally preserved. Fig. 1 shows the typical kinetics of the quality attributes of a batch during the storage experiments. The average behaviour predicted by the model (corresponding to the fixed part of the model) can be seen as well. The differences between the particular behaviour of the batch and the average provide an idea of the importance of repetition and averaging in the postharvest technology. In fact, if only one particular batch of produce would be used at this experimental level, instead of repeating the experiment with four batches, the model predictions would likely be biased.
Results and discussion

The kinetics with time of the quality factors were inspected
graphically and a linear dependence with time was seen for a, b and turgor. The logarithmic transform ln(L), ln(aw ) and ln(weight) was employed to linearise the kinetics. 2. A fixed effect part in the form of three different origins and slopes with time for each of the mushroom tissues (cap, gills and stipe). 3. Considering that the RH is just a relative measurement of the water gradient, which depends on itself on both the storage relative humidity and the temperature, the slope with time of the quality factor was assumed to follow a polynomial dependence of the form:
In Fig. 2 , contour plots of the storage conditions with zero time derivatives of the quality indicators for the three tissues at different temperature and relative humidity values are presented. This hypothesis of a zero slope would provide a weak hypothesis given the fact that even if there might not be any "real" zero slope (eventually the mushrooms quality will decrease) a zero slope simply would mean a non-observable change in the time range of the experiment given the experimental error. From the information contained in the present experiment that set of conditions would be the most favourable to preserve the quality attributes of the mushrooms unchanged.
Optimal storage guidelines for mushroom with temperatures between 1 and 3 • C (as low as possible in chilled storage) and as high a relative humidity as possible, have been reported (Tongkun, 2000) . This policy was been found to be optimal to The standard errors of the fixed effects are shown in Table 2 . All terms of the model were significant. By considering the error structure arising from the experimental design (with batch-tobatch and inside-batch variability) the models developed would represent more accurately the "real" retail situation where a company would be expected to receive batches from different producers and with a significant variation between the batches of one producer. Where possible, this variability was separated into its different components (the batch-to-batch and insidebatch random effects) allowing for a more precise estimation of the model parameters and separating the uncertainty (resulting from the experimental measurement) from the variability (originating from the natural product diversity). This separation provided the basis for the analysis of variability in the quality attributes presented below.
The standard error of each coefficient is presented in subscript in parentheses. All effects are significant (95% confidence). Significance of fixe d and random effects tested through 95% confidence intervals generated by Markov Chain Monte Carlo methods. Variance components standard error is obtained by transformation from the standard error of the estimated parameter (ln σ 2 ). Table 2 Estimated parameters from the linear mixed effect models Postharvest product behaviour is inherently affected by omnipresent biological variation (Talasila and Cameron, 1995; Saltveit, 2003) . Limiting biological variation as much as possible by sorting and grading the product at the different stages in postharvest chain was proven a successful technique to control postharvest shelf-life, however certain products present an inherent variability that makes them difficult to manage and postharvest technology has recently developed an interest in this area (Hertog et al., , 2007a Schouten et al., 2004) .
The models presented in the literature in general have pooled all the variability of the mushrooms in a producer/distributor/retail situation, principally at the initial state
Assessment of variability
If a single optimal condition of storage was to be selected for all quality criteria Fig. 2 points to two possible options: (i) around 5 • C and relative humidity around saturation, trying to maintain cap and gills colour, minimise weight losses or (ii) below 3 • C and relative humidities around 95% to preserve the colour of cap and gills and the water activity in the gills, compensating for transpiration. preserve the weight of the mushrooms (see Table 2 , no quadratic effects). However, this might not be the case for the preservation of other quality attributes.
In the case of the mushroom cap (see first inset in Fig. 1 ), higher storage temperatures (with less energy expenditure) of the order of 5-6 • C and relative humidity close to saturation (in an impermeable package) might be sufficient to preserve optimally the colour of the mushrooms (in terms of their L and a values). The turgor and texture of the mushrooms cap might as well be preserved using lower relative humidities of 80% (although drying of the tissue might become an undesirable trait).
When taking into account the quality attributes of the gills, Fig. 1 indicates: (i) similar conditions as to the cap for the preservation of the colour of the gills and (ii) that an optimal water activity avoiding the drying of the mushroom tissue through the gills could be achieved using high relative humidity (above 90%) but without the need to spend energy in refrigeration at high temperature.
Finally, the stipe showed only one quality parameter with zero derivative in the domain under investigation (the water activity) and indicated that preservation of the water gradient would be achieved at high storage temperatures and relative humidities. Table 3 Individual component percentage (ICP) of variance components in fitted linear mixed effect models Luminosity value, the b value and the water activity were the responses which were better "controlled" by the temperature and relative humidity storage, with over 73% of the total variance of the data explained by the fixed effect of the model.
The a value and the turgor were the quality attributes that had a higher variability, and particularly in the case of the turgor this might be due to the high variability between mushrooms and the experimental error in the determination. Due to this high variability this property will not be considered for further discussion.
The batch-to-batch and the inside-batch variability represented approximately the 22% of the total variability of all the responses analyzed (which amounted to 35% of the total measurement), with responses that had a bigger variability than others (i.e., the a value and the weight).
The average variability between batches and the inside batches variability of all of the quality attributes was more or (Hertog et al., 2007b) . The effect of the low temperature and relative humidity of the refrigerated storage/distribution on the slope of the quality factor change was deemed strong enough not to be influenced by the random effects. This was tested by fitting models with random effects in both intercept and slope and comparing them (using a log-likelihood test on REML fitted models) against the intercept-only random effect models. All models with only initial state random effect for all responses, except for the weight loss, passed the test. This result was in accordance with the general assumption in postharvest technology that practices such as grading and sorting produce before storage would be essential in reducing the variability on how a product is affected by storage/processing. The individual component percentage (ICP) of the different parts of the model were presented in Table 3 . Approximately 60% of the variation of the data was explained by the fixed part of the model, considering an average of all the responses. The Fig. 2 . Zero-derivative contour lines for the kinetics of quality decay of each tissue in respect of temperature and relative humidity. less of the same magnitude. Considering all the responses, the sum of the random effect variances increased 11% when working with mushrooms coming from different producers, different seasons and different origins, in comparison with a variability of 11% that each of the produced batches presented (probably arising from a single production tunnel). If mushrooms shelf-life experiments were performed using only one producer (with the danger of an associated bias), the expected reduction of variability would not be very large (a reduction by half) and still researchers would have to face a large variability.
It can be seen in Table 3 that there were some properties (L value, b value, aw and possibly the weight loss) which would be more controllable and where, if appropriate storage policies are devised, the appearance of out of specification batches will be low. However, the high variability in some properties, specially the turgor and to some degree the a value indicated that even devising optimal control policies to preserve those quality attributes of the product, the inherent variability between mushrooms might produce non-sensitive improvements.
Finally, considering both aspects of the feasibility of an optimal condition and the relative importance of the natural variability of the product in the quality attribute, if a refrigerated storage policy was devised in terms of preserving mushrooms, the preservation of the L value, a value and the water activity should be the prime targets, with turgor the lowest priority in terms of control.
Conclusions
A study of the kinetics of the principal quality parameters of A. bisporus spp. tissues under different temperature and relative humidity conditions was performed. The kinetic behaviour was modelled taking into account the batch-to-batch and betweenbatches variability and optimal conditions of torage for the s mushrooms were found at low temperature ( • C) and high rel-different quality arameters. Optimal storage nditions for p co 5 ative humidity ( 100%) or low temperature ( 3 • C) and lower relative humidity ( 95%). Variability between-batches of mushrooms and between mushrooms in a batch were identified as relevant contributors to the total variability.
The importance of variability in a retail situation was assessed, with an average of 35% "uncontrollable variation" considering all the responses.
